Ten eleven translocation (TET) enzymes (TET1/TET2/TET3) and thymine DNA glycosylase (TDG) play crucial roles in early embryonic and germ cell development by mediating DNA demethylation. However, the molecular mechanisms that regulate TETs/TDG expression and their role in cellular differentiation, including that of the pancreas, are not known. Here, we report that (i) TET1/2/3 and TDG can be direct targets of the microRNA miR-26a, (ii) murine TETs, especially TET2 and TDG, are down-regulated in islets during postnatal differentiation, whereas miR-26a is up-regulated, (iii) changes in 5-hydroxymethylcytosine accompany changes in TET mRNA levels, (iv) these changes in mRNA and 5-hydroxymethylcytosine are also seen in an in vitro differentiation system initiated with FACS-sorted adult ductal progenitor-like cells, and (v) overexpression of miR-26a in mice increases postnatal islet cell number in vivo and endocrine/acinar colonies in vitro. These results establish a previously unknown link between miRNAs and TET expression levels, and suggest a potential role for miR-26a and TET family proteins in pancreatic cell differentiation.
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epigenetics | DNA methyaltion | 5hmC | posttranscriptional regulation | stem cell T en eleven translocation (TET) enzymes and thymine DNA glycosylase (TDG) are implicated in active DNA demethylation (1-3). The three TET family enzymes oxidize 5-methylcytosine (5mC) in DNA to 5-hydroxymethylcytosine (5hmC), and subsequently to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (1, 2, 4, 5) . TDG, a base excision repair glycosylase, replaces 5fC and 5caC with an unmodified cytosine via DNA repair (5, 6) . Despite these advances, the molecular mechanisms underlying TETs/ TDG regulation are still not known. In addition, although recent data suggest a role of TET and 5hmC in embryonic stem cells and primordial germ cells (2, (7) (8) (9) (10) (11) (12) , evidence for enzymatic demethylation by TET enzymes during differentiation of cells of later stages, such as the postnatal and adult stem cells of various organs including pancreas, remains very limited (13) (14) (15) (16) .
MicroRNAs (miRNAs) are an abundant class of small, highly conserved noncoding RNAs that bind the 3′-untranslated regions (UTRs) of protein-coding genes to suppress gene expression. Accumulating data have demonstrated that miRNAs are critical for many developmental and cellular processes, including organogenesis and differentiation (17) . However, the role of miRNAs in TET expression and active DNA demethylation remains unclear.
Three major cell lineages exist in the adult pancreas-duct, acinar, and endocrine cells. The endocrine pancreas is composed of several hormone-releasing cells, including the insulin-secreting beta cells and glucagon-secreting alpha cells. Many transcription factors are known to control pancreas development (18) . For example, the expression of pancreatic and duodenal homeobox 1 (Pdx1) in embryonic foregut region induces pancreas commitment (19, 20) , and those early progenitor cells have the potential to give rise to all three pancreatic lineages (21, 22) . Subsequent activation of another transcription factor, neurogenin 3 (Ngn3), restricts the lineage potential to endocrine cells (21, 23) .
Expression of TETs and the genomic content of 5hmC vary across tissues (13, 14) . Interestingly, TET2 and TET3 are highly expressed in the murine adult pancreas (2), yet the pancreas has lower genomic 5hmC levels than other adult tissues derived from endoderm, including liver and lung (4), suggesting dynamic DNA demethylation during pancreas development. Additionally, the miR-26 family is unique to vertebrates (24) and correlates with the emergence of the pancreas during evolution (25) . Therefore, we have begun to explore the potential involvement of miR-26a/ TET in pancreas development.
Although the existence of adult pancreatic progenitor cells in vivo remains debatable (26) (27) (28) (29) , we recently identified rare progenitor cells in the adult pancreas that possess extensive selfrenewal and differentiation capacities in vitro (30) . These adult progenitor cells, which are CD133 + Sox9 + , are enriched in the ductal cell fraction and can activate Pdx1 and Ngn3 expression before terminal differentiation into endocrine-like cells (30) . Whether TETs, TDG, and miRNAs may affect differentiation of pancreatic cell lineages has not been tested. Here, we report that TETs and TDG are direct targets of miR-26a and the expression of TETs and miR-26a change in opposite directions during in vivo and in vitro pancreatic cell differentiation.
Results
TETs and TDG Are Direct Targets of miR-26a. miRNA target genes are likely to have relatively long and conserved 3′-UTRs (31). We noticed that TETs, as well as TDG, have long, evolutionarily conserved 3′-UTRs (Figs. S1 and S2), so we used the TargetScan Significance Ten eleven translocation (TET) enzymes are recently identified proteins that mediate DNA demethylation, but their regulation is still unknown. This paper indicates that a microRNA, miR-26a, is able to directly target TETs and then modulate 5-hydroxymethylcytosine levels. Furthermore, regulation of TETs by miR-26a is shown to promote pancreatic cell differentiation both in vitro and in vivo. These results highlight a link between a miRNA, DNA demethylation, and stem/progenitor cell differentiation. It also suggests a potential approach to increase the efficiency of generating pancreatic endocrine cells in vitro through modulating miR-26a.
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The authors declare no conflict of interest. To whom correspondence may be addressed. E-mail: whuang@coh.org, hku@coh.org, ariggs@coh.org. algorithm (32) to search for miRNAs that could potentially regulate TETs and TDG. Strikingly, the miR-26 family (miR-26a and miR-26b) has at least three putative target binding sites in TETs and one in TDG, in both the human and mouse genomes ( Fig. 1A and Fig. S1 ). This putative regulation is also present in zebrafish, suggesting strong conservation (Fig. 1A and Fig. S1 ). Notably, miR-26 target sites are preferentially located near both ends of the 3′-UTR of TETs (Fig. S1 ), implying effective targeting (33) . Moreover, some miR-26 target sites are close together (within 40 nt), which falls within the optimal distance for cooperative regulation (33, 34) (Fig. S1) .
To directly test whether miR-26a targets TETs and TDG, we cloned the 3′-UTRs of TET1, TET2, TET3, and TDG downstream of a luciferase reporter, and cotransfected these reporter constructs along with miRNA precursors into the human cell line HEK293T. Coexpression of miR-26a was found to effectively down-regulate luciferase expression in constructs with these 3′-UTRs (Fig. 1B) . Overexpression of miR-181a, an miRNA that does not have a putative target site in these 3′-UTRs, showed no repression on luciferase expression (Fig. S3) . Mutations in the seed sequence of the predicted miR-26a binding sites within TET2 (Fig. 1C) or TDG (Fig. 1D ) abolished the inhibitory effects of miR-26 on luciferase expression, indicating TET2 and TDG are directly regulated by miR-26a.
miR-26a Modulates Levels of TETs/TDG and 5hmC in HEK293T Cells. By transfection of the miR-26 family inhibitor (designated 26 FI) and the miRNA precursor (pre-26a) into HEK293T cells ( Fig.   2A ), we found that expression of the endogenous TETs and TDG was inhibited by miR-26a overexpression (Fig. 2B ) and enhanced by miR-26 knockdown (Fig. 2C) . TET2 was the most responsive and TDG the least responsive to miR-26a regulation, which correlates with the number of miR-26a target sites within their 3′-UTRs (Fig. 1A) . Consistently, levels of TET1, TET2, and TDG protein were decreased in miR-26a-overexpressing cells, but increased in miR-26a-depleted cells ( Fig. 2 D and E) .
Because all three TET proteins can convert 5mC to 5hmC, we investigated whether miR-26a affects 5hmC levels. Dot blot analysis of global 5hmC levels in genomic DNA revealed that miR-26a overexpression reduced 5hmC levels, whereas miR-26 depletion significantly increased its levels (Fig. 2F) . In contrast, global 5mC levels were not affected by miR-26a overexpression or depletion (Fig. S4) , consistent with the previous report that small hairpin RNA (shRNA)-mediated knockdown of TET1 had no obvious effect on 5mC levels (2) . The levels of 5hmC in HEK293 cells are less than 0.5% of total 5mC (4), so the changes in level of 5hmC that we see would not be expected to affect global 5mC levels. Collectively, these data demonstrate that miR-26a can directly regulate TETs/TDG. miR-26a/TET Is Potentially Involved in Differentiation and Proliferation of the Developing Pancreas in Vivo. The mouse and human genomes harbor three distinct miR-26 loci (miR-26a-1, miR-26a-2, and miR-26b), which renders genetic loss-of-function analysis difficult. We therefore turned to a gain-of-function approach and generated a miR-26a transgenic mouse line (Fig. S5) . Expression of miR-26a in the adult pancreas of heterozygous miR-26a transgenic mice (TG) was about 10 times greater than that in the pancreas of wild-type (WT) littermates (Fig. 3A) .
In mice, islet cells in the pancreas rapidly expand and differentiate between embryonic day 9.5 (E9.5) and birth, and postnatal day 2 (P2) and P9 (35), but not in adults (36) . The pancreata of TG mice at P10 were not obviously abnormal, but did have a significantly greater number of islets (Fig. 3B) . To confirm the involvement of miR-26a/TET in vivo, we determined the gene expression profiles of isolated primary islet and nonislet fractions from P4 and P7 murine pancreata. In islets, the expression of miR-26a was up-regulated at P7 compared with P4, whereas nonislets showed an opposite pattern (Fig. 3D ). TETs and TDG were also preferentially expressed in islets (Fig. 3E ) compared with nonislet cells (Fig. S6) . In WT mice, TET2 transcripts were about 20-fold more abundant than TET1/3 transcripts in P4 islets, and maintained an approximately fourfold greater abundance in P7 islets (Fig. 3E) , suggesting that TET2 may be the dominant TET during pancreas development. Remarkably, expression of TETs and TDG was greatly reduced in P7 compared with P4 islets, e.g., up to 15-fold decrease for TET2 transcripts (Fig. 3E) . Even in miR-26a TG mice, down-regulation of TETs/TDG expression in older (P7) islets was seen (Fig. 3E) . Importantly, expression of TETs and TDG was reduced, up to threefold for TET2 transcripts, in islets (both P7 and P4) from miR-26a TG mice compared with WT littermates (Fig. 3E) , consistent with the results from studies of HEK293T cells (Fig. 2 B-E) . Similar to the decreased TETs/ TDG expression, global 5hmC levels were reduced in older islets in both WT controls and miR-26a TG mice (Fig. 3F) . Both genotypes had similar low levels of 5hmC in P7 islets; however, P4 islets from miR-26a TG mice exhibited considerably less 5hmC than did WT controls (Fig. 3F) , suggesting that miR-26a-mediated 5hmC loss correlates with endocrine cell differentiation in the developing pancreas. Gene expression and immunohistochemical analyses further confirmed an enhanced expression of endocrine genes in P7 islets (Fig. 3G ) and E18.5 pancreata ( Fig.  S7A ; insulin staining), respectively, in TG compared with WT mice. Cell proliferation, indicated by Ki67 expression, was also enhanced in P7 TG islets (Fig. 3I ) and E18.5 beta cells (0.21 ± 0.03% TG vs. 0.09 ± 0.01% WT Ki67
+ cells among insulin + cells; P < 0.05) (Fig. S7A) . Finally, transcription factors, indicative of progenitors or endocrine cells, were also enhanced in TG P7 islets (Fig. 3H ) and E15.5 pancreas (Fig. S7B; 12 ± 2% TG vs. Data are shown as mean ± SD; ***P < 0.001; *P < 0.05.
± 2% WT Ngn3
+ pancreatic cells; P < 0.05). Collectively, these results suggest that miR-26a may affect both expansion and differentiation of the developing endocrine pancreas. as a hollow sphere. Based on the morphology under phasecontrast illumination, we refer to these ductal-like colonies as "ring" colonies. When replated in a laminin hydrogel medium (Fig. 4A) , these ductal-like ring colonies differentiate to colonies containing mostly endocrine and acinar-like cells (Fig. 4A) . These colonies are termed "endocrine/acinar" colonies.
We found that endocrine/acinar colonies express 10-fold more miR-26a than ring colonies (Fig. 4B ), in agreement with our finding for postnatal islets. However, miR-26b, the other miR-26 family member, was barely detectable in either type of colony, suggesting that miR-26a primarily contributes to this differentiation process (Fig. S8) . Consistent with being direct targets of miR-26a, and with our analysis of developing islets, TETs and TDG were significantly down-regulated in endocrine/acinar colonies (Fig. 4C) . In particular, expression of endogenous TET2, which was much higher than expression of TET1 and TET3, was reduced by as much as 75% in endocrine/acinar colonies. In line with reduced TETs/ TDG expression, dot blot analysis revealed significantly lower 5hmC levels in endocrine/acinar colonies (Fig. 4D) . Whole-mount immunostaining analysis also confirmed less 5hmC staining in endocrine/ acinar colonies compared with ring colonies (Fig. 4E) . As in postnatal islets, there was no apparent difference in 5mC levels between the two colony types, as determined by dot blot analysis (Fig. S9) . Furthermore, we found that most insulin-expressing cells within endocrine/acinar colonies exhibited low staining for 5hmC (Fig. 4F) , supporting the idea that the decrease in 5hmC accompanies endocrine differentiation from pancreatic progenitor-like cells.
Overexpression of miR-26a Enhances Endocrine Cell Differentiation in
Vitro. To test whether ring colony-forming progenitor cells were affected by a change in miR-26a, individual 3-wk-old ring colonies derived from miR-26a TG and WT littermate mice were handpicked and examined for expression of a panel of lineage markers by microfluidic qRT-PCR analysis (Fig. 5A) . Microfluidic quantitative RT-PCR (qRT-PCR) is a relatively new technology that can be used to determine gene expression in as little as one colony in a reaction volume in the nanoliter range (37) . We found that the frequency of ring colonies derived from miR-26a TG mice that expressed endocrine markers (insulin 1, insulin 2, glucagon, somatostatin) was about three times higher compared with WT mice (Fig. 5B, arrows) . The enhanced endocrine gene expression is accompanied by lowered expression of Ngn3 in TG compared with WT colonies (Fig. 5C) , again implicating miR-26a in increasing endocrine cell differentiation.
Knockdown of TETs and TDG in WT adult pancreatic CD133 + Sox9/EGFP + cells resulted in a dramatic reduction of ring colony numbers, precluding further analysis (Fig. S10) . Overexpression of TET2 in adult pancreatic CD133 + Sox9/EGFP + cells isolated from TG mice reduced the number of colonies expressing endocrine genes (Fig. S11) . These results again suggest a role for miR-26a in endocrine cell differentiation.
Discussion
It is now known that genome-wide and locus-specific active DNA demethylation occurs extensively in mammals (38, 39) . DNA demethylation is dynamically regulated during development, especially in certain rapid developmental stages including embryonic cell differentiation, germ cell, and zygote development. These observations imply that an accurate and coordinated regulation of TETs and TDG is required to ensure precise DNA demethylation. Here, we report that miR-26a can target and shown as mean ± SD; *P < 0.05, **P < 0.01, and ***P < 0.001.
decrease mRNA levels of all members of the TET family, as well as TDG. Importantly, miR-26a-mediated targets in the UTRs of TET/TDG is highly conserved among vertebrates. miR-26a and TETs/TDG are expressed in a wide variety of tissues, so we speculate that the miR-26/TET circuit has a broad, evolutionarily conserved role in development and disease. Indeed, miR26a has been shown to promote myogenic (40, 41) and neuronal (42) cell differentiation, although the involvement of TET and TDG in these processes awaits further investigation. Down-regulation of TET1 is known to be required for embryonic stem cell differentiation (2), whereas overexpression of TET1 can mimic Oct4 and help dedifferentiate fibroblasts into pluripotent stem cells (43) . These results suggest an important role of TET/TDG-dependent DNA demethylation in maintenance of cell identity. Our current study expands these previous findings and shows that, in addition to embryonic stem cell differentiation, TETs, together with miR-26a, may also play a role in later-stage cell differentiation, such as the endocrine pancreas. Beside TETs and TDG, other known miR-26a targets, including EZH2, PTEN, and pRB (40, 44) , may also contribute to the function of miR-26a in cell differentiation.
Mice overexpressing miR-26a are viable and overtly normal, as are TET2 homozygous knockout mice (45) . This may suggest that miR-26a and TET2 are only involved in the fine-tuning of embryogenesis and development. Alternatively, it is more likely that the circuits controlling development are complex and compensation takes place during development. This is likely the case for TET knockout mice. The knockout of both TET1 and TET2 causes much perinatal lethality but some overtly normal mice are obtained (46, 47) , suggesting compensation by TET3. Therefore, the function of miR-26a/TET in embryogenesis and development, especially for pancreatic cell differentiation in vivo, requires further investigation. For example, it will be important to determine whether miR-26a overexpression affects methylation status of specific promoters of key pancreas transcription factors, such as that of Pax4 and Arx, which are known to play essential roles in specifying endocrine cell types (48) . In addition, the results from in vitro differentiation system presented here will need to be verified in vivo in future studies.
In summary, we firmly demonstrate that TETs and TDG can be directly down-regulated by miR-26a in a reporter assay system, and miR-26a expression varies inversely with TETs/TDG expression during in vivo and in vitro differentiation of pancreatic progenitor cells to endocrine cells. Given the broad expression patterns of miR-26a and TETs/TDG, we predict that the miR-26a/TET circuit could be involved in cellular differentiation of many organ systems in addition to pancreas.
Materials and Methods
Mice. To generate miR-26a transgenic mice, a genomic DNA fragment encoding the miR-26a-1 locus, preceded by the synthetic CAG promoter and a loxP-flanked Neo-STOP cassette, was inserted into the Rosa26 locus (49) . Mice were generated by injecting targeted ES cells into blastocysts and maintained in a mixed C57BL/6 and 129 background. Mice carrying the targeted allele were bred with hypoxanthine-guanine phosphoribosyltransferase-Cre mice (50) , which caused deletion of the Neo-STOP cassette early during embryogenesis, including the germ line (50) . Heterozygous miR-26a transgenic mice and littermate wild-type mice were used for experiments. Sox9/EGFP transgenic reporter mice (CD1 background) (51) were obtained from Mutant Mouse Regional Resource Centers and maintained at City of Hope. All mouse experiments were approved by the City of Hope Institutional Animal Care and Use Committee and followed National Institutes of Health and City of Hope guidelines for the care and use of laboratory animals.
Luciferase Reporter Assays. The 3′-UTR fragments for TET1, TET2, TET3, and TDG were generated by PCR and cloned into the psiCHECK-2 vector (Promega) downstream from the Renilla luciferase cassette. The predicted miR-26a binding site was mutated using the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene). HEK293T cells were grown in a 96-well plate and cotransfected with the luciferase reporter vector together with a miRNA 
